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Marek’s disease virus (MDV) is an avian herpesvirus that induces a variety of diseases, including T-cell
lymphomas, in chickens. In latently infected, transformed lymphoid cells, very few viral transcripts or proteins
are detected. We previously described a gene, meq (MDV EcoQ), which is persistently expressed in MDV-
transformed tumor samples and cell lines. meq codes for a 339-amino-acid protein with a basic-leucine zipper
domain near its N terminus and a proline-rich domain near its C terminus. The basic-leucine zipper domain
shows homology with Jun/Fos family proteins, whereas the proline-rich domain resembles that of the WT-1
tumor suppressor protein. These structural features raise the possibility that Meq functions as a transcription
factor in regulating viral latency or oncogenesis. In this report, we show that the proline-rich domain is a
potent transcription activator when fused to the yeast (Saccharomyces cerevisiae) Gal4(1–147) DNA-binding
domain. The transactivation activity maps to the C-terminal 130 amino acids, with the last 33 amino acids
essential. In the absence of these 33 amino acids, a two-and-one-half proline-rich repeat structure was found
to exhibit repression activity. We further show that Meq is able to dimerize not only with itself but also with
c-Jun. Meq/c-Jun heterodimers bind to an AP1-like sequence in the meq promoter region with an affinity much
greater than that of Meq/Meq or c-Jun/c-Jun homodimers. Cotransfection chloramphenicol acetyltransferase
assays suggest that the Meq/c-Jun heterodimers can up-regulate Meq expression in both chicken embryo
fibroblasts and F9 cells. Our data provide the first biochemical evidence that Meq is a transcriptional factor
and identify c-Jun as one of Meq’s interacting partners.

Marek’s disease virus (MDV) is an avian herpesvirus that
causes Marek’s disease, a progressive, highly contagious and
malignant T-cell lymphoma in chickens, several weeks after
infection (9, 29). The lytic MDV infection occurs in many cell
types, including B cells, but only the latent infection in T cells
results in cell transformation (9, 40).
The MDV genome is about 180 kbp in length and is most

related genetically and structurally to the genomes of alpha-
herpesviruses, such as herpes simplex virus and varicella-zoster
virus (7, 10). Cross-hybridization and the accumulating MDV
nucleotide sequence data show that MDV and other alphaher-
pesviruses are colinear in the unique long and short regions but
differ substantially in the adjacent repeats (7, 34). There are
three serotypes of MDV. Serotype I strains are oncogenic,
while serotype II (SB-1) and III (herpesvirus of turkeys) strains
are not (39, 51). Serotypes II and III, as well as attenuated
serotype I MDV strains, have been successfully used as vac-
cines against Marek’s disease (30, 52).
Apart from its economic significance, MDV provides a good

model to study oncogenesis by a herpesvirus. The rapid onset
of polyclonal tumors suggests the presence of an MDV-en-
coded oncogene(s). Currently, little is known about either
MDV oncogenes or mechanisms of oncogenesis. Recent stud-
ies have focused on regions of the genome (BamD, -H, -I2, -L,
and -Q2 [5, 38, 46, 48]) which are persistently expressed in
MDV-induced tumors and transformed cell lines. In vitro pas-

sages of MDV result in attenuation of its oncogenicity. This
change was shown to be associated with a 132-bp repeat am-
plification from 1 to 2 copies to 3 to 150 copies within the
BamH fragment (14, 43). It was suggested that this amplifica-
tion disrupts the expression of genes involved in oncogenesis
(6, 19). Two short open reading frames are encoded within
these transcripts (32). However, it is not clear whether these
open reading frames are solely responsible for transforming
ability, because variants with multiple copies of the 132-bp
repeat are still oncogenic (35). This raises the likelihood that
there are additional MDV genes crucial to the oncogenesis
process.
Recently we identified a basic-leucine zipper (bZIP) gene,

meq, located in the BamI2-BamQ2/EcoQ fragments within the
terminal and inverted repeat long regions (TRL and IRL) of
the MDV genome (17). As a potential oncogene candidate,
meq is expressed in all MDV-induced tumors and MDV-trans-
formed cell lines surveyed thus far. Its bZIP structure in the
N-terminal portion closely resembles that of the jun/fos onco-
gene family (17). In the basic region, Meq shares 16 of 22
amino acids (aa) with chicken c-Jun. Following the bZIP is a
C-terminal domain containing two and one-half copies of di-
rect proline-rich repeat (PRR) sequence. Prolines make up
36.8% (39 of 106) of the residues in the PRR regions, while
they make up 21.5% in the C-terminal region. In this regard,
this long C-terminal domain is similar to that of the WT-1
tumor suppressor protein, which also has high proline content
(8, 15). Apart from the distinct structural motifs identified
above, virtually nothing is known about Meq protein function.
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As a first step, we sought to demonstrate that Meq is a tran-
scriptional transactivator.
We show here that the C-terminal domain of Meq (aa 209 to

339) is able to activate transcription when fused to the Gal4
DNA-binding domain. This transactivation activity requires
the last 33 aa which carry an RNA-binding motif. The highly
PRR structure in its isolated form displays transrepression
properties. We further show that Meq effectively dimerizes
with c-Jun and binds as a heterodimer to an AP1-like site in a
meq promoter. Coexpression of Meq and c-Jun significantly
augments transcription from the meq promoter. These data
provide strong evidence that Meq is a transcriptional regulator
with the potential to regulate viral and cellular gene expres-
sion.

MATERIALS AND METHODS

Plasmids. The plasmids used to test the transactivation of Gal4 fusion pro-
teins, pG5BCAT, Galvp16, wild-type Gal4 (25), and pSG424 (36) were kindly
provided by A. Tacaks with the permission of M. Ptashne. pSG424 is the plasmid
that contains the Gal4 DNA-binding domain (amino acids 1 to 147) followed by
a multiple cloning region and is referred to as Gal4(1–147) in Fig. 2A and 3A.
Our starting material for themeq fusion plasmids was a Bluescript-based plasmid
containing the entire meq coding sequence with an NcoI site engineered before
the translation start codon and an EcoRI site immediately after the stop codon,
pBS-MEQNR. The KpnI-EcoRI fragment of pBS-MEQNR (coding for aa 129 to
339) was blunt ended with T4 DNA polymerase, ligated to an EcoRI linker
(8-mer), and cloned into the EcoRI site of pSG424, resulting in Galmeq (Fig.
2A). The frameshift mutant, Galmeq-FS, was similarly constructed, except a
different EcoRI linker (10-mer) was used. GalmeqDC33 was made by cloning a
KpnI-BamHI fragment of pBS-MEQNR into pSG424 (coding for aa 129 to 307).
The other deletion mutants, GalmeqDC171, GalmeqDC130, and GalmeqDC87,
were generated by incorporating various PCR fragments into the EcoRI site of
pSG424. These PCR fragments employed Galmeq as a template in conjunction
with the following sets of primers. The common 59 primer corresponds to the
Gal4 sequence, 59-GACATCATCATCGGAAGA-39. The 39 primers are as fol-
lows: (i) 59-ATGAATTCGGAACCGGAGCAATAGTG-39 (for GalmeqDC
171); (ii), 59-ATGAATTCGAGGGGGGAAGGCCCC-39 (for GalmeqDC130);
and (iii) 59-ATGAATTCCTCCGGAGATGGAGGCT-39 (for GalmeqDC87).
PCRs generating N-terminal deletions employed pBS-MEQNR as a template,
along with the T3 promoter primer (U.S. Biochemical Corp.) and the following
59 primers: (i) 59-ATGAATTCCAACCTCCTATCTGTACC-39 (for GalmeqD
PRR1 and GalmeqDPRR12) and (ii) 59-ATGAATTCGGAATCTTCCCTGC
ATTGT-39 (for GalmeqDPRR123). To generate GalmeqC33, the BamHI-EcoRI
fragment of pBS-MEQNR was filled in with the Klenow fragment, ligated to an
EcoRI linker, and cloned into the EcoRI site of pSG424. pMEQ1TKCAT was
constructed by ligating a blunt-ended 58-bp EcoRI-EcoRV subfragment of the
MDV EcoQ fragment into the blunt-ended SalI site in pBLCAT2 (24).
pm1TKCAT and pm2TKCAT were constructed by cloning the 58-bp double-
stranded oligonucleotides with the corresponding mutations into the same site of
pBLCAT2. The blunted 272-bp EcoRI-XmnI subfragment from the MDV EcoQ
fragment was cloned into the blunt-ended HindIII-XbaI site of pCAT-Basic
(Promega, Madison, Wis.), resulting in pMEQ2CAT. The expression plasmid of
meq was constructed by subcloning the NcoI-EcoRI fragment of pBS-MEQNR
into the HindIII-XbaI site of pRc/CMV (Invitrogen). All constructs were verified
by DNA sequencing with the Sequenase kit from U.S. Biochemical Corp. (Cleve-
land, Ohio).
Cells, transfections, and CAT assays. Chicken embryo fibroblasts (CEFs) were

maintained in 1:1 M199-Dulbecco’s modified Eagle’s medium (BRL-GIBCO)
supplemented with 2% chicken serum and 3% fetal bovine serum. Transfections
were carried out by the calcium-phosphate method (11), with 2 to 5 mg of
chloramphenicol acetyltransferase (CAT) reporter plasmids and 5 to 10 mg of
expression plasmids per 100-mm-diameter plate. One microgram of RSV-b-gal
plasmid per plate was included as an internal control. All transfections were
repeated at least twice with two to three replica plates per combination. Forty-
eight to 56 h after transfection, the cells were lysed by a freeze-thaw method in
0.1 M Tris-HCl (pH 7.5). For transfection in F9 cells, the same procedure was
followed, except that the cells were lysed 24 h after transfection. CAT assays were
performed with a previously described phase extraction method (41). All reac-
tions were repeated to make sure that the CAT conversion was in the linear
range (,20%). CAT activities were normalized by assessing the b-galactosidase
activity present in each cell extract, assayed as described before (37).
Bacterial expression of MeqbZIP and c-JunbZIP. The N-terminal portion of

meq (from aa 1 to 129) containing the complete bZIP region was expressed in
Escherichia coli. To develop the appropriate expression clone, an NcoI site was
introduced before the first codon of meq by PCR. The entire meq sequence was
then cloned into the SmaI site of pBluescript KS1, resulting in MeqNco/BS. The
BamHI-KpnI subfragment (containing Meq aa 1 to 129) was then filled in with

the Klenow fragment and cloned into a Klenow fragment-blunted EcoRI site of
pET21b (Novagen, Madison, Wis.). This resulted in a product (MeqbZIP) with
a T7 tag at the N terminus and a His-6 tag at the C terminus. The c-junbZIP
construct [1] is provided by R. Hanson with the permission of T. Curran. Protein
expression was induced with 1 mM isopropyl-b-D-thiogalactopyranoside (IPTG)
for 6 h. The protein was purified to about 80% homogeneity by nickel chelation
chromatography as recommended by the manufacturer (Qiagen). After elution,
the protein was dialyzed extensively in a buffer containing 20 mM HEPES
(N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid [pH 7.9]), 100 mM KCl,
12.5 mM MgCl2, 0.1 mM EDTA, 1 mM dithiothreitol, and 20% glycerol.
Gel retardation assays. Complementary oligonucleotides were annealed and

labeled with polynucleotide kinase (U.S. Biochemical Corp.) according to the
manufacturer’s instructions. The labeled double-stranded DNA probes were
incubated with a total of 0.1 mg of protein in a reaction buffer containing 25 mM
HEPES (pH 7.9), 100 mM KCl, 0.5 mM MgCl2, 1 mg of bovine serum albumin
per ml, 10% glycerol, 5 mM dithiothreitol, and 0.1 mg of poly(dI-dC) per ml at
378C for 30 min. In cases in which both Meq and c-Jun were present, equal moles
of proteins were used. The DNA-protein complexes were resolved on 5% non-
denaturing polyacrylamide-Tris-glycine gels.
In vitro translation. A BamHI-KpnI fragment of MeqNco/BS (containing aa 1

to 129) was cloned into pCITE-2b (Promega). A BamHI-EcoRI fragment of
p6CJ-1 (4), which contains the entire coding sequence of the chicken c-jun
cDNA, was subcloned into pBS-KS1 (Stratagene). The resulting two plasmids
were then used as templates for coupled T7-directed in vitro transcription-
translation reactions with the TNT system (Promega) according to the manufac-
turer’s instructions.
Immunoprecipitation. Equal volumes (5 ml) of in vitro-translated products

were coincubated at 308C for 30 min prior to the addition of 500 ml of ELB buffer
(250 mM NaCl, 50 mM HEPES [pH 7.5], 0.1% Nonidet P-40) and further
incubation at 48C for 1 to 2 h. After addition of specific antibodies and protein
A-Sepharose beads, immune complexes were precipitated and extensively
washed with ELB buffer prior to resuspension in sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) loading buffer. Immunoprecipi-
tated proteins were separated on an SDS-PAGE (12.5% polyacrylamide) gel.

RESULTS

The proline-rich C-terminal domain of Meq has transacti-
vation potential. The Meq protein can be divided into two
major domains: the N-terminal bZIP domain (aa 56 to 129)
and the C-terminal proline-rich domain (aa 129 to 339) (Fig.
1A). We first set out to test the transactivation potential of the
Meq proline-rich domain. To this end, the Meq C-terminal
domain, encompassing aa 129 to 339, was fused to the Gal4
DNA-binding domain (residues 1 to 147) (25). This resulted in
the fusion construct Galmeq (Fig. 2A). A reporter plasmid,
pG5BCAT, which bears five Gal4 binding sites, was cotrans-
fected with Galmeq to CEFs. As an internal control, the RSV-
b-gal plasmid was included in the transfection mixture and was
used to normalize all CAT values in different extracts. The
CAT activity induced by Gal(1–147) (pSG424) was set at a
basal level of 1.0. As shown in Fig. 2A, Galmeq activates the
reporter gene greater than 50-fold. In contrast, Galmeq-FS, a
frameshift fusion construct containing an out-of-frame linker
inserted at residue 129, gave only basal activity. This provided
the first indication that the proline-rich domain of Meq has
transactivation activity: its activity level is nearly 50% of that of
wild-type Gal4 and close to 8% of that of Galvp16. Figure 2B
shows the dose-response curve of the transactivation by
Galmeq. In the range shown, the fold induction of CAT activ-
ity is linear with the amount of effector plasmid transfected. In
the same range, the cotransfected Galmeq has little effect on
the parental plasmid lacking the Gal4-binding sites, pE1bCAT.
This ability to activate the parental CAT was not due to dif-
ferences in Galmeq fusion protein expression, as evidenced by
immunoprecipitation of labeled cell lysates with an antibody
against the Gal4 DNA-binding domain (data not shown).
Taken together, the results presented above demonstrated that
the proline-rich C-terminal domain of Meq is capable of reg-
ulating transcription.
The transactivation activity of Meq requires the C-terminal

33 aa. To better delineate the transcriptional regulation do-
main, a series of C-terminal deletion mutants were constructed
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and compared with Galmeq (Fig. 2A). Whereas the expression
of Galmeq led to a 55-fold increase in CAT activity, deletion of
C-terminal 33 aa (GalmeqDC33) reduced the activating poten-
tial by nearly 30-fold. Further deletion of 87, 130, or 171 aa
(DC87, DC130, and DC171) reduced the CAT activity to back-
ground levels. This result suggests that the C-terminal 33 aa
contain a major activation domain. We then tested whether
these 33 aa were by themselves responsible for the transacti-
vation potential of Galmeq. This was tested with a construct
containing the C-terminal 33 aa fused to the Gal4 DNA-bind-
ing domain (GalmeqC33). Because this construct failed to
transactivate the reporter CAT gene, our data indicate that the
C-terminal 33 aa are necessary, but not sufficient, to activate
transcription.
In the course of this analysis, we also made internal deletions

of the PRRs (indicated by arrows in Fig. 2A) in an effort to
define their roles in transcriptional regulation. Deletion of the
first or first one and one-half PRRs (GalmeqDPRR1 and Gal
meqDPRR12) slightly increased the transactivation potential,
compared with wild-type Galmeq (Fig. 2A). However, when all
repeats were removed (GalmeqDPRR123), the transactivation
potential was significantly reduced. This suggests that either

the third repeat or at least one of the PRRs is required in
concert with the C-terminal region to exert full transactivation
potential. The construct GalmeqDPRR12 delimits the region
for full transactivation activity to aa 209 to 339.
The direct repeats within the Meq C terminus have repres-

sion activity. In light of the strong repression activity attributed
to the proline-rich domain of WT-1 (26, 27), we asked whether
the proline-rich segments present in the direct repeats exhibit
such an activity. In the cotransfection experiments described
above, the E1b TATA sequence was used to drive CAT ex-
pression. This reporter construct has a low level of basal ac-
tivity and is useful in detecting enhancer-dependent activation.
It is, however, not very sensitive in detecting repression activ-
ity. The herpes simplex virus thymidine kinase (TK) promoter,
with a relatively high level of basal activity, is often used for
such purposes (24). Using a TK-CAT construct containing five
Gal4 DNA-binding sites (pG5TKCAT), we confirmed our pre-
vious results which showed that the C-terminal 33 aa are re-
quired for maximal transactivation activity (compare the CAT
activities of Galmeq and GalmeqDC33 in Fig. 3A). As before,
mutants which carry only the PRRs (GalmeqDC87, GalmeqD
C130, and GalmeqDC171) do not have activating function;

FIG. 1. Meq protein structure (A) and nucleotide sequence of the meq promoter region (B). (A) The basic and leucine (histidine) residues are in boldface and
underlined. Within the C-terminal region, the proline residues are in boldface and the PRRs are underlined. An octamer consensus RNA-binding motif is boxed. (B)
The AP1-like sequences are overlined, and the overlapping palindromic sequence is indicated by both a dot and underlined dashed arrows. The TATA box, an SP1
site, and the translation start codon are boxed. The transcription start site is marked by a solid arrow.
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however, with this more sensitive assay, a repression activity of
the PRRs could be discerned. Gal4 fusion proteins carrying
one-half, one-and-one-half, or two-and-one-half PRRs (Gal
meqDC87, GalmeqDC130, and GalmeqDC171) all exhibit a 12-
to 15-fold repression activity. This repression activity is about
1/10th that of WT-1 (27). Thus, the repeat structure, while
serving an important role in the overall transactivation poten-
tial of Meq, has suppression potential in its isolated (presum-
ably exposed) form.
Meq and c-Jun interact cooperatively as heterodimers with

the meq promoter in vitro. Having attributed the transactiva-
tion activity to the C-terminal region of Meq, we then asked
whether Meq in its native form can also transactivate target
promoters. We would prefer to study physiologically relevant
target promoters; however, we presently lack an understanding
about optimal Meq binding sites, let alone the promoters reg-
ulated by Meq. In light of Meq’s homology to the Jun/Fos
subfamily of transcriptional regulators in the bZIP region (17),
we initially looked for AP1 or AP1-like motifs in MDV pro-

moters, because most herpesvirus promoters are regulated by
their own regulatory proteins. Among the handful of MDV
promoter sequences available in the literature, interestingly,
the promoter of themeq gene itself has an AP1-like motif (Fig.
1B). This motif overlaps a perfect palindromic sequence which
contains two AP1 half-sites (ATAGTCATGCATGACGT).
To see whether Meq could bind to this site, we used a

truncated bacterially expressed meq product (MeqbZIP) that
carries the N-terminal bZIP domain (aa 1 to 129). In prelim-
inary studies, with a series of deletion mutants, we determined
that the DNA-binding capacity of Meq resides solely within the
bZIP domain and that MeqbZIP could bind to this site with a
moderate affinity (6a). To see whether binding could be en-
hanced via cooperative interactions with other bZIP products,
we examined whether Meq could bind to the site described

FIG. 2. Transactivation of pG5BCAT by Gal4-Meq fusion proteins. (A)
CAT assay results from cotransfection of pG5BCAT with the various Gal4 fusion
plasmids. Arrows in the constructs indicate the PRRs. Results were normalized
by comparison with a b-galactosidase internal control (see Materials and Meth-
ods). wt, wild type. (B) Dose-response curve of Galmeq on the reporter plasmid
pG5BCAT (E) and its parental plasmid pE1bCAT (h).

FIG. 3. Repression of pG5TKCAT activity by Gal4-PRR fusion proteins.
The TK promoter present in this reporter has some auxiliary sequences besides
the minimal TATA box; therefore, it gives higher basal CAT activity in CEF. (A)
CAT assay results from cotransfection of pG5TKCAT with the Gal4-PRR fusion
plasmids. Arrows in the constructs indicate the PRRs. CAT activities were
normalized as described in the legend to Fig. 2. (B) Dose-response curve of
GalmeqDC171 on the reporter plasmid pG5TKCAT (E) and its parental control
plasmid pBLCAT2 (h).
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above as a Meq/c-Jun heterodimer. The small size of MeqbZIP
allows it to be easily distinguished from bacterially expressed
c-JunbZIP (Fig. 4A) or in vitro-translated full-length c-Jun
protein (Fig 4B). The differences in size also allow one to easily
distinguish homodimer-DNA complexes from the heterodimer
complexes, which migrate with an intermediate mobility com-
pared with the other two homodimer complexes. Using the
bacterially expressed protein products, together with a labeled
oligonucleotide corresponding to the AP1-like motif present in
the meq promoter, a gel retardation assay was performed. As
shown in Fig. 4A, the MeqbZIP homodimer was found to bind
to this site with moderate affinity, whereas the binding of the
c-JunbZIP homodimer is much weaker. However, when Meqb
ZIP and c-JunbZIP were incubated together, a MeqbZIP/c-
JunbZIP heterodimer band was observed. This band is inter-
mediate in mobility compared with MeqbZIP/MeqbZIP and
c-JunbZIP/c-JunbZIP (Fig. 4A). Taken together, these results
suggest that although Meq has a moderate affinity toward the
meq promoter by itself, its affinity is significantly enhanced
when Meq/c-Jun heterodimerization occurs. To further dem-
onstrate Meq’s ability to associate with c-Jun, coimmunopre-
cipitation was performed with in vitro-translated products (Fig
4B). In this experiment, a T7 gene 10-epitope tag (Novagen)
was fused to the N terminus of MeqbZIP. This fusion protein
can be precipitated by the T7 antibody (lane 1), but not by
c-Jun antibody (lane 2), although the latter readily precipitates
the in vitro-translated c-Jun (lane 3). Only in the presence of
c-Jun, could MeqbZIP be precipitated by c-Jun antibody (lane

4). This further demonstrates that Meq and c-Jun can associate
with one another in vitro.
Meq and c-Jun together transactivate the meq promoter. To

study whether the interaction between Meq and c-Jun has any
significance in the transcriptional regulation, a reporter plas-
mid (pMEQ1TKCAT) containing the AP1-like motif present
in the meq promoter was constructed. This construct contains
a fragment from positions 2190 to 2133 relative to the tran-
scriptional start site (17) upstream of the meq coding region.
We chose CEFs as recipient cells, because they represent the
natural host for MDV replication and are free of endogenous
Meq protein (as would be the case for MDV-transformed T
cells). As shown in Fig. 5A, Meq alone has a moderate, but
consistent, transactivating effect on this promoter, about three-
to fourfold. c-Jun (44) alone has at best a twofold effect. But
when c-Jun and Meq are both present, the activation is more
than 10-fold, consistent with the gel shift data described ear-
lier. We have also made a reporter construct in which the CAT
gene is driven completely by the meq promoter. A fragment
carrying part of the meq upstream region and a portion of the
59 untranslated region (2190/182) was cloned into a promot-
erless CAT construct, pCAT-Basic (Promega). The resulting
reporter plasmid, pMEQ2CAT, contains both the AP1-like
site and the TATA sequence of the meq gene. Once again, a
significant activation could be induced when both Meq and
c-Jun were present, whereas Meq alone had only a moderate
effect (Fig. 5A).
Because there is a low level of c-Jun in CEFs, which could

FIG. 4. Interaction between Meq and c-Jun. (A) Gel retardation assay. The double-stranded oligonucleotide probe contains an AP1-like sequence present in the
meq promoter region (59-ACGATAGTCATGCATGACGTGG-39). The positions of three complexes are indicated on the left. (B) Coimmunoprecipitation of in
vitro-translated T7meqbZIP and c-Jun. The positions of the two proteins are indicated at right. The extra two bands in lanes 3 and 4 are possibly partially translated
or degraded products of c-Jun.
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obscure the c-Jun effect, we also tested transactivation in F9
cells, in which the endogenous c-jun (and c-fos) expression is
negligible (12, 22). In these cells, activation by the c-Jun/c-Jun
homodimer is more pronounced (;15 fold) (Fig. 5B). Al-
though activation by Meq/Meq remains low (;2-fold), activa-
tion by Meq/c-Jun reaches a level that is 30-fold above back-
ground. These data, taken together with those from the CEF
experiments, clearly demonstrate the synergistic transactiva-
tion observed in the presence of both c-Jun and Meq.
Transactivation of the meq promoter is via the AP1-like

motif. To establish that the AP1-like motif in pMEQ1TKCAT
is where the Meq/c-Jun complex exerts its effect, two mutant
oligonucleotides were synthesized. The first one, m1, has the
palindromic sequence overlapping the AP1-like motif GTC
ATGCATGAC replaced by an irrelevant palindromic se-
quence, CCATCTAGATGG. The second oligonucleotide, m2,
has the palindromic sequence replaced by the randomized
nucleotides TGCTACGCACTA. In gel retardation assays,
both oligonucleotides failed to bind Meq/Meq, c-Jun/c-Jun, or
Meq/c-Jun (data not shown). When the corresponding muta-
tions were structured into the reporter plasmid pMEQ1TK
CAT, the resulting plasmids, pm1CAT and pm2CAT, no
longer responded to the transactivation by Meq/Meq, c-Jun/c-
Jun, or Meq/c-Jun in F9 cells (Fig. 5B). The data presented
above suggest that Meq and c-Jun, alone or in combination,
transactivate the meq promoter via the AP1-like palindromic
motif.

DISCUSSION

MDV is among the most oncogenic herpesviruses and is the
only tumor virus against which successful vaccines have been
developed (18). The oncogenic strain (serotype I) and the
vaccine strains (serotypes II and III) share a similar genetic
organization, particularly with respect to their unique long and
unique short regions (31, 53). However, they differ appreciably
from one another in the repeat long regions, where by analogy
to herpes simplex virus, many of the regulatory proteins are
encoded. meq is one gene from this region that is unique to
oncogenic MDV strains and that is ubiquitously expressed in
both tumors and MDV-transformed T-cell lines (17, 38, 46,
48). Meq carries a bZIP domain near its N terminus and a
proline-rich domain near the C terminus. Its overall structure
thus resembles that of a transcriptional factor. The transcrip-
tional properties of Meq, however, have not been elucidated.
In this report, we provide the first biochemical evidence that
Meq functions as a transcription factor.
One remarkable feature of Meq is its 210-aa proline-rich

domain. This unusually long proline-rich domain is reminis-
cent of the repression and activation domains of the WT-1
tumor suppressor (8, 15, 26). Recent studies suggest that pro-
line-rich domains may interact with transcriptional factors in
regulating transcription (20, 28). The transcriptional factors
targeted by proline-rich domains appear to be different from
those targeted by acidic or glutamine-rich domains (42, 47).

FIG. 5. Transactivation of the AP1-like motif in themeq promoter after cotransfection ofmeq and c-jun expression plasmids. (A) CAT activities after cotransfection
of CEFs. (B) CAT activities after cotransfection of F9 cells. In both cell types, the CAT activities were normalized as described above.
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Proline-rich domains can function either in transactivation or
in transrepression, depending on their structures and the con-
text of their binding sites (50). Using Gal4 fusion proteins to
target Gal4 DNA-binding sites, we tested the activation and
repression potential of Meq. We found that the C-terminal
domain has strong activating potential. Full activity requires
residues 209 to 339, the last 33 aa of which are absolutely
essential. There is no remarkable structure in this 33-aa stretch
except for an octamer, SGQIYIQF (boxed in Fig. 1A), match-
ing a consensus RNA-binding motif (33). This motif is present
in many RNA-binding proteins, including the Drosophila mela-
nogaster bcd (bicoid) gene product, which is a transactivator
(45). Deletion of a region encompassing this motif in bcd
severely diminishes its transactivation activity. At present, we
do not know whether Meq binds RNA or whether such a
binding in any way contributes to transactivation. It is clear,
however, on the basis of our deletion analysis, that this region
is necessary but not sufficient for Meq’s transactivation activity.
Full transactivation potential requires additional proline-rich
sequences as well. Interestingly, only one PRR is necessary for
Meq transactivation activity. In isolated form, these repeats
actually exhibit repression activity. These PRRs bear resem-
blance to the repression domain of WT-1. Moreover, like
WT-1, Meq appears to contain both activation and repression
domains (50). The overall activity of these domains is likely to
be influenced by their particular conformation in cells, which
could in turn be regulated by phosphorylation status, by pro-
tein-protein interactions, by the context of binding sites in
various promoter targets, and by expression of alternatively
spliced messages. With regard to the latter, it is noteworthy
that MDV-transformed cell lines such as MSB-1 express mul-
tiple Meq transcripts (17). Experiments are in progress to
determine whether these different messages arise from alter-
native splicing.
Because meq is one of the few genes expressed in latently

infected tumor cells, it is likely to play a role in regulating viral
latency, cell transformation, or both. meq may also play a role
in viral replication because it is expressed early in the infection
cycle. In the case of Epstein-Barr virus, the viral gene product
EBNA2 is a transcriptional factor (13) regulating both viral
(e.g., LMP and TP-1 [2, 49, 54]) and cellular (e.g., c-fgr [21])
genes involved in latency and transformation. It is also ex-
pressed early after infection (3). The transactivation potential
of EBNA-2 depends on its interaction with CBF-1 (16, 23). We
are therefore interested in testing whether Meq interacts with
other cellular factors that promote transactivation potential.
We first chose c-Jun as a potential interacting partner, because
of its role in oncogenesis and because of the striking resem-
blance between the bZIP domains of Meq and c-Jun. They
share 55% homology in their basic regions, and both contain
five leucines and one histidine, equally spaced to facilitate
dimerization. The last histidine in the zipper domain is char-
acteristic of the Jun/Fos family. We were able to show that
Meq dimerizes readily with c-Jun and that these heterodimers
bind to both AP1 (data not shown) and AP1-like motifs, such
that heterodimer binding is favored over homodimer binding.
We were interested in the AP1-like motif because of its pres-
ence in the meq promoter. Coexpression of Meq and c-Jun
significantly enhanced transcription from the meq promoter.
This was shown in both CEFs, the natural host for MDV
infection, and in rodent F9 embryonic carcinoma cells. That
this transcriptional activation is dependent on the AP1-like
motif was demonstrated by comparison to mutant promoters
with this motif replaced by other palindromic or random se-
quences. Neither Meq nor c-Jun alone binds the AP1-like
motif particularly well, yet the Meq/c-Jun heterodimer displays

a high level of affinity toward this site. This suggests that Meq
may direct c-Jun into new target sites. It would be of interest to
determine which genes (viral or cellular) are regulated by Meq/
c-Jun heterodimers.
In our studies, we also noticed that Meq/Meq homodimers

are able to modestly increase transcription of the meq pro-
moter. This does not appear to be due to dimerization with
endogenous c-Jun, as evidenced by the transactivation exper-
iment in F9 cells, which lack detectable c-Jun (12, 22). We do
not yet know the natural binding sites of Meq, because we have
only studied its transactivation with an AP1-like site in the meq
promoter. The possibility exists that Meq/Meq homodimers
are more potent in regulating other unique target sites.
In summary, this report presents biochemical evidence that

Meq can function as a transactivator and that it can interact
with c-Jun. c-Jun is the prototype of bZIP family transcrip-
tional regulators. Given the strong implication of c-Jun’s role
in cell growth and tumorigenesis and the wealth of information
regarding its biochemical properties, our findings provide a
framework for understanding howMeq may regulate both viral
and cellular gene expression in causing transformation.

ACKNOWLEDGMENTS

We thank D. Jones and J. L. Liu for help and advice and A. Ban-
erjee, R. Hanson, M. Ptashne, A. Takacs, and P. Vogt for providing
reagents and information.
This work was supported by grants from the USDA (no. 93-37204-

9340 to L.L. and H.-J.K.), NCI (CA46613, to H.-J.K.), and the To-
bacco Council of Research (no. 4034 to H.-J.K.).

REFERENCES
1. Abate, C., D. Luk, R. Gentz, F. J. Rauscher III, and T. Curran. 1990.
Expression and purification of the leucine zipper and DNA-binding domains
of Fos and Jun: both Fos and Jun contact DNA directly. Proc. Natl. Acad.
Sci. USA 87:1032–1036.

2. Abbot, S. D., M. Rowe, K. Cadwallader, A. Ricksten, J. Gordon, F. Wang, L.
Rymo, and A. B. Rickinson. 1990. Epstein-Barr virus antigen 2 induces
expression of the virus-encoded latent membrane protein. J. Virol. 64:2126–
2134.

3. Alfieri, C., M. Birkenbach, and E. Kieff. 1991. Early events in Epstein-Barr
virus infection of human B lymphocytes. Virology 181:595–608.

4. Bos, T. J., F. J. Rauscher III, T. Curran, and P. Vogt. 1989. The carboxy
terminus of the viral Jun oncoprotein is required for complex formation with
the cellular Fos protein. Oncogene 4:123–126.

5. Bradley, G., M. Hayashi, G. Lancz, A. Tanaka, and M. Nonoyama. 1989.
Structure of the Marek’s disease virus BamHI-H gene family: genes of
putative importance for tumor induction. J. Virol. 63:2534–2542.

6. Bradley, G., G. Lancz, A. Tanaka, and M. Nonoyama. 1989. Loss of Marek’s
virus tumorigenicity is associated with truncation of RNAs transcribed within
BamHI-H. J. Virol. 63:4129–4135.

6a.Brunovskis, P. Unpublished data.
7. Buckmaster, A., S. Scott, M. J. Sanderson, M. G. Boursnell, N. L. Ross, and
M. Binns. 1988. Gene sequence and mapping data from Marek’s disease
virus and herpesvirus of turkeys: implications for herpesvirus classification. J.
Gen. Virol. 69:2033–2042.

8. Call, K. M., T. Glaser, C. Y. Ito, A. J. Buckler, J. Pelletier, D. A. Haber, E. A.
Rose, A. Krai, H. Yeger, W. H. Lewis, C. Jones, and D. Housman. 1990.
Isolation and characterization of a zinc finger polypeptide gene at the human
chromosome 11 Wilms’ tumor locus. Cell 60:509–520.

9. Calnek, B. W. 1985. Marek’s disease—a model for herpesvirus oncology.
Crit. Rev. Microbiol. 12:293–320.

10. Cebrian, J., C. Kaschka-Dierich, N. Berthelot, and P. Sheldrick. 1982. In-
verted repeat nucleotide sequences in the genomes of Marek disease virus
and the herpesvirus of turkey. Proc. Natl. Acad. Sci. USA 79:555–558.

11. Chen, C., and H. Okayama. 1987. High efficiency transformation of mam-
malian cells by plasmid DNA. Mol. Cell. Biol. 7:2745–2752.

12. Chiu, R., W. J. Boyle, J. Meek, T. Smeal, T. Hinter, and M. Karin. 1988. The
c-fos protein interacts with c-jun/AP1 to stimulate transcription of AP-1
responsive genes. Cell 54:541–552.

13. Cohen, J. I., and E. Kieff. 1991. An Epstein-Barr virus nuclear protein 2
domain essential for transformation is a direct transcriptional activator. J.
Virol. 65:5880–5885.

14. Fukuchi, K., A. Tanaka, L. W. Schierman, R. Witter, and M. Nonoyama.
1985. The structure of Marek’s disease virus DNA: the presence of unique
expansion in nonpathogenic viral DNA. Proc. Natl. Acad. Sci. USA82:751–754.

VOL. 69, 1995 MDV meq IS A TRANSACTIVATOR 4043



15. Gessler, M., A. Poustka, W. Cavenee, R. L. Neve, S. H. Orkin, and G. A. P.
Bruns. 1990. Homozygous deletion in Wilms’ tumors of a zinc-finger gene
identified by chromosome jumping. Nature (London) 343:774–778.

16. Henkel, T., P. D. Ling, S. D. Hayward, and M. G. Peterson. 1994. Mediation
of Epstein-Barr virus EBNA2 transactivation by recombination signal-bind-
ing protein Jk. Science 265:92–95.

17. Jones, D., L. Lee, J.-L. Liu, H.-J. Kung, and J. K. Tillotson. 1992. Marek’s
disease virus encodes a basic-leucine zipper gene resembling the fos/jun
oncogenes that is highly expressed in lymphoblastoid tumors. Proc. Natl.
Acad. Sci. USA 89:4042–4046.

18. Kato, S., and K. Hirai. 1985. Marek’s disease virus. Adv. Virus Res. 30:225–
277.

19. Kawamura, M., M. Hayashi, T. Furuichi, M. Nonoyama, E. Isogai, and S.
Namilka. 1991. The inhibitory effects of oligonucleotides, complementary to
Marek’s disease virus transcribed from the BamHI-H region, on the prolif-
eration of transformed lymphoblastoid cells, MDCC-MSB1. J. Gen. Virol.
72:1105–1111.

20. Kim, T. K., and R. G. Roeder. 1994. Proline-rich activator CTF1 targets the
TFIIB assembly step during transcriptional activation. Proc. Natl. Acad. Sci.
USA 91:4170–4174.

21. Knutson, J. C. 1990. The level of c-fgr RNA is increased by EBNA-2, an
Epstein-Barr virus gene required for B-cell immortalization. J. Virol. 64:
2530–2536.

22. Kryszke, M. H., J. Piette, and M. Yaniv. 1987. Induction of a factor that
binds to the polyoma virus A enhancer on differentiation of embryonal
carcinoma cells. Nature (London) 328:254–256.

23. Ling, P. D., D. R. Rawlins, and S. D. Hayward. 1993. The Epstein-Barr virus
immortalizing protein EBNA-2 is targeted to DNA by a cellular enhancer-
binding protein. Proc. Natl. Acad. Sci. USA 90:9237–9241.

24. Luckow, B., and G. Schutz. 1987. CAT constructions with multiple unique
restriction sites for the functional analysis of eukaryotic promoters and
regulatory elements. Nucleic Acids Res. 15:5490.

25. Ma, J., and M. Ptashne. 1987. A new class of yeast transcriptional activators.
Cell 51:113–119.

26. Madden, S. L., D. M. Cook, J. F. Morris, A. Gashler, V. P. Sukhatme, and
F. J. Rauscher III. 1991. Transcriptional repression mediated by the WT1
Wilms’ tumor gene product. Science 253:1550–1553.

27. Madden, S. L., D. M. Cook, and F. J. Rauscher III. 1993. A structure-
function analysis of transcriptional repression mediated by the WT1, Wilms’
tumor suppressor protein. Oncogene 8:1713–1720.

28. Mitchell, P. J., and R. Tjian. 1989. Transcriptional regulation in mammalian
cells by sequence-specific DNA binding proteins. Science 245:371–378.

29. Nazerian, K. 1973. Marek’s disease: a neoplastic disease of chickens caused
by a herpesvirus. Adv. Cancer Res. 17:279–317.

30. Okazaki, W., H. G. Purchase, and B. R. Burmester. 1970. Protection against
Marek’s disease by vaccination with a herpesvirus of turkey (HVT). Avian
Res. 14:413–429.

31. Ono, M., R. Katsuragi-Iwanaga, T. Kitazawa, N. Kamiya, T. Horimoto, M.
Niikura, C. Kai, H. Hirai, and T. Mikami. 1992. The restriction endonucle-
ase map of Marek’s disease virus (MDV) serotype 2 and colinear relation-
ship among three serotypes of MDV. Virology 191:459–463.

32. Peng, F., G. Bradley, A. Tanaka, G. Lancz, and M. Nonoyama. 1992. Isola-
tion and characterization of cDNAs from BamHI-H gene family RNAs
associated with the tumorigenicity of Marek’s disease virus. J. Virol. 66:
7389–7396.

33. Rebagliati, M. 1989. An RNA recognition motif in the bicoid protein. Cell
58:231–232.

34. Ross, L. J. N., M. M. Binns, and J. Pastorek. 1991. DNA sequence and
organization of genes in a 5.5kbp EcoRI fragment mapping in the short
segment of Marek’s virus (strain RB1B). J. Gen. Virol. 72:949–954.

35. Ross, L. J. N., and B. S. Milne. 1988. Manipulation of the genome of Marek’s
disease virus and herpesvirus of turkeys, p. 43–49. In The 3rd Symposium on
Marek’s Disease. Japanese Association on Marek’s Disease, Osaka, Japan.

36. Sadowski, I., and M. Ptashne. 1989. A vector for expressing GAL4(1–147)
fusions in mammalian cells. Nucleic Acids Res. 17:7539.

37. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, N.Y.

38. Schat, K. A., A. Buckmaster, and L. J. N. Ross. 1989. Partial transcription
map of Marek’s disease herpesvirus in lytically infected cells and lympho-
blastoid cell lines. Int. J. Cancer 44:101–109.

39. Schat, K. A., and B. W. Calnek. 1978. Demonstration of Marek’s disease
tumor-associated surface antigen in chicken infected with nononcogenic
Marek’s disease virus and herpesvirus of turkeys. J. Natl. Cancer Inst. 61:
855–857.

40. Schat, K. A., C.-L. H. Chen, B. W. Calnek, and D. Char. 1991. Transforma-
tion of T-lymphocyte subsets by Marek’s disease herpesvirus. J. Virol. 65:
1408–1413.

41. Seed, B., and J. Y. Sheen. 1988. A simple phase-extraction assay for chlor-
amphenicol acetyltransferase activity. Gene 67:271–277.

42. Seipel, K., O. Georgiev, and W. Schaffner. 1992. Different activation domains
stimulate transcription from remote (‘enhancer’) and proximal (‘promoter’)
positions. EMBO J. 11:4961–4968.

43. Silva, R., and R. L. Witter. 1985. Genomic expansion of Marek’s disease
virus DNA is associated with serial in vitro passage. J. Virol. 54:690–696.

44. Sonnenberg, J. L., F. J. Rauscher, J. I. Morgan, and T. Curran. 1989.
Regulation of proenkephalin by Fos and Jun. Science 246:1622–1625.

45. Struhl, G., K. Struhl, and P. M. Macdonald. 1989. The gradient morphogen
bicoid is a concentration-dependent transcriptional activator. Cell 57:1259–
1273.

46. Sugaya, K., G. Bradley, M. Nonoyama, and A. Tanaka. 1990. Latent tran-
scripts of Marek’s disease virus are clustered in the short and long repeat
regions. J. Virol. 64:5773–5782.

47. Tasset, D., L. Tora, C. Fromental, E. Scheer, and P. Chambon. 1990. Distinct
classes of transcriptional activating domains function by different mecha-
nisms. Cell 62:1177–1187.

48. Tillotson, J. K., H.-J. Kung, and L. E. Lee. 1988. Accumulation of viral
transcripts coding for a DNA binding protein in Marek’s disease tumor cells,
p. 128–134. In The 3rd Symposium on Marek’s Disease. Japanese Associa-
tion on Marek’s Disease, Osaka, Japan.

49. Wang, F., S.-F. Tsang, M. G. Kurilla, J. I. Cohen, and E. Kieff. 1990.
Epstein-Barr virus nuclear antigen 2 transactivates latent membrane protein
LMP1. J. Virol. 64:3407–3416.

50. Wang, Z.-Y., Q.-Q. Qiu, and T. F. Deuel. 1993. The Wilms’ tumor gene
product WT1 activates or suppresses transcription through separate func-
tional domains. J. Biol. Chem. 268:9172–9175.

51. Witter, R. L., K. Nazerian, H. G. Purchase, and G. H. Burgoyne. 1970.
Isolation from turkeys of a cell-associated herpesvirus antigenically related
to Marek’s disease virus. Am. J. Vet. Res. 31:525–538.

52. Witter, R. L., J. M. Sharma, L. F. Lee, H. M. Opitz, and C. W. Henry. 1984.
Field trials to test the efficacy of polyvalent Marek’s disease vaccines in
broilers. Avian Dis. 28:44–60.

53. Zelnik, V., R. Darteil, J. C. Audonnet, G. D. Smith, M. Riviere, J. Pastorek,
and L. J. N. Ross. 1993. The complete sequence and gene organization of the
short unique region of herpesvirus of turkeys. J. Gen. Virol. 74:2151–2162.

54. Zimber-Strobl, U., K.-O. Suentzenich, G. Laux, D. Eick, M. Cordier, A.
Calender, M. Billaud, G. M. Lenoir, and G. W. Bornkamm. 1991. Epstein-
Barr virus nuclear antigen 2 activates transcription of the terminal protein
gene. J. Virol. 65:415–423.

4044 QIAN ET AL. J. VIROL.


